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SUMMARY  -■  /v,  '  ■  C  bjr  •  C  £  J;?*c  , 

An  -^experimental  investigation  of  the  relationship 
structure  and  chemical  reaction  in  turbulent  reacting 
progress.  The  principal  objective  of  the  research  -is  to  examine  the 
spatial  structure  of  the  unsteady  reaction^process  as  it  relates  to  the 

Cli  ft 

unsteady  velocity  field.  The  con f  i gura t  ion  j*c4»oten  for  study"- is  a  co¬ 
flowing,  non-premixed  jet  flame.  A  small  perturbation  in  the  fuel  jet 
velocity,  produced  acoustically,  is  used  to  create  a  very  periodic  and 
controllable  flame,  suitable  for  conditional  sampling.  Initial  measure¬ 
ments  of  the  unsteady  velocity  field  in  the  flame  have  been  obtained 
using  laser  anemometry.  In  addition,  flow  visual ization  experiments 
have  been  conducted  using  direct  and  schlieren  photography  and  Mie  scat¬ 
tering  from  seed  particles  introduced  into  the  flow.  Planar  laser- 
induced  fluorescence  images  of  the  OH  radical,  which  provide  spatially 
and  temporally  resolved  information  on  the  instantaneous  location  of  the 
reaction  zone,  have  been  obtained.  A  particle  tracking  technique  to 
facilitate  acquisition  of  velocity  field  data  is  being  develop'd. 
Future  work  will  involve  overlaying  the  velocity  field  and  reaction 
field  data  to  reveal  the  flame-flow  interaction. 
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BACKGROUND  ANO  RESEARCH  OBJECTIVES 


Recent  research  in  turbulent  combustion  has  focused  on  establish¬ 
ing  appropriate  models  for  the  interaction  between  turbulence  structure 
and  flame  chemistry.  Although  our  understanding  of  the  physics  of  mix¬ 
ing  and  combustion  has  improved,  there  are  as  yet  no  data  which  directly 
reveal  the  coupling  between  the  unsteady  velocity  field  and  the  unsteady 
reaction  field  in  a  combusting  flow.  The  objective  of  the  present  work 
is  to  combine  time-resolved  field  measurements  of  velocity  and  of  the 
concentration  of  short-lived  species  in  a  time-dependent  hydrocarbon-air 
flame.  Interpretation  of  the  results  will  employ  topological  methods 
which  have  been  used  to  characterize  the  structure  of  non-reacting 
flows.  This  methodology  provides  a  unified  approach  for  characterizing 
various  strain  and  rotation  fields  which  can  occur  in  turbulent  flows. 
The  results  from  this  study  can  be  used  to  address  the  following  impor¬ 
tant  question:  how  much  detail  of  the  physics  of  the  flame-turbul»nce 
interaction  is  required  for  the  development  of  models  for  a  given  level 
of  prediction? 


STATUS  OF  THE  RESEARCH 

The  configuration  investigated  in  this  study  is  a  co-flowing,  non- 
premixed  jet  flame,  with  methane  in  the  core  flow  and  air  in  the 
surrounding  flow.  The  methane  passes  through  a  small  chamber  containing 
a  loudspeader  which  can  be  used  to  add  a  velocity  perturbation  to  the 
core  flow  at  various  frequencies  and  amplitudes.  During  the  second  year 
of  the  program,  progress  has  been  made  in  the  following  areas. 


1)  Completion  of  experiments  in  the  variable  pressure  flow  _fac  i  1  ilj'  to 
document  the  structure  and  controllability  of  the  pulsed  flame  over 
a  range  of  flow  conditions. 


Preliminary  results  from  these  experiments  were  discussed  in  the 
First  Annual  Technical  Report.  During  the  past  year,  single  velocity 
component  measurements  at  several  different  test  section  pressures  were 
completed.  The  LDA  measurements  of  the  streamwise  velocity  were  condi¬ 
tioned  on  the  phase  of  the  jet  excitation.  Aluminum-oxide  part’',  les 
were  used  to  seed  the  jet  fluid  and  water  particles  were  used  to  sopj 


the  outer  fluid.  Various  schemes  were  used  with  both  streams  soiled 
simultaneously  and  then  each  stream  seeded  separately  to  further  condi¬ 
tion  the  velocity  measurements  on  the  basis  of  whether  the  particles 
marked  jet  fluid  or  free  stream  fluid.  The  velocity  data  support 
earlier  flow  visualization  observations  of  the  flame.  In  particular, 
the  effect  of  forcing  on  the  breakup  of  the  flame  and  the  associated 
reduction  of  flow  acceleration  and  turbulence  levels  was  con  fi  rim'd. 
Complete  documentation  and  discussion  of  the  experiments  can  be  found  in 
References  [1]  and  [2]. 

2)  Development  of  a  particle  tr a c king  techn ique _ f o  i r_ _ i na_k  i_njj 

instantaneous  measurements  of  the  velocity  vector  field  in  a  plar io_._ 

Our  experience  using  laser  anemometry  to  measure  velocities  in  the 
pulsed  co-flowing  jet  flame  has  led  us  to  consider  techniques  to  measure 
the  velocity  field  over  a  plane  rather  than  at  a  single  point.  There¬ 
fore,  in  conjunction  with  this  research,  we  have  purchased  a  copper- 
vapor  laser  which  we  are  using  to  produce  a  pulsed  sheet  of  light  illu¬ 
minating  small  particles  suspended  in  the  flame.  The  particles  are 
titanium  dioxide  produced  by  the  reaction  of  water  vapor  with  titanium 
tetrachloride  upstream  of  the  exit  of  the  jet  tube. 

Figure  la  is  a  close-up  of  particle  tracks  near  the  jet  exit  in  a 
non-combusting  flow  without  pulsing.  Each  track  is  identifiable  as  a 
sequence  of  three  dots  forming  a  straight  line.  This  print  was 
processed  manually  to  produce  the  velocity  profile  in  Figure  lb.  lhe 
agreement  with  the  expected  parabolic  shape  is  quite  good,  and  these 
preliminary  results  have  encouraged  us  to  pursue  this  technique  for 
making  field  velocity  measurements  in  the  pulsed  jet  diffusion  flame. 
Currently  we  are  evaluating  various  means  of  automatically  reading  tlu'se 
images  and  constructing  the  vector  field. 

Figure  2  shows  a  high  density  of  particles  in  the  case  where  the 
jet  flow  is  pulsed,  but  noncombusting.  At  this  seeding  density.  Hie 
individual  velocity  vectors  are  not  distinguishable,  but  a  gnin't  il 
streamline  pattern  can  be  discerned.  Note  that  a  continuation  of  Hie 


pattern  into  the  unseeded  external  flow  would  seem  to  match  with  a 
toroidal  eddy  surrounding  the  jet  with  its  center  outside  the  seeded 
region. 


Figure  3  is  a  composite  of  particle  track  photographs  taken  in  the 
flame  at  the  same  phase  but  at  various  heights  above  the  jet  exit,  they 
form  an  image  of  the  velocity  field  in  the  core  of  the  flame  over  the 
first  15  jet  diameters  of  the  flow.  Each  of  the  blocks  in  this  figure 
was  taken  at  a  different  time;  the  fact  that  they  fit  together  reason¬ 
ably  well  is  evidence  of  the  repeatability  of  the  flame. 


3)  Flowfield  visualization  using  Hie  scattering _ from _ TjO^  seed 

particles. 

In  order  to  reveal,  qualitatively,  the  structure  of  the  unsteady 
reacting  flow,  a  sequence  of  images  of  laser  light  scattering  from  1 i 
seed  particles  were  obtained.  In  these  experiments,  TiO^  particles  were 
produced  by  reacting  Ti Cl ^  vapor  in  a  dry  fuel  jet  with  water  vapor 
formed  in  the  flame.  The  light  source  for  the  scattering  measurem,,nts 
is  the  pulsed  copper  vapor  laser.  The  output  from  the  laser  is  formed 
into  a  sheet,  which  illuminates  a  diametric  plane  in  the  flame. 
Photographs  of  the  scattering  signal  were  recorded  on  photographic  film. 
A  sequence  of  these  images,  taken  at  eight  equally-spaced  times  in  the 
excitation  cycle,  is  shown  in  Figure  4a.  The  images  reveal  the  complex 
structure  of  the  flow,  with  key  features  being  vortical  structures  and 
an  inner  stagnation  point. 

4)  Planar  laser-induced  fluorescence  images  of  the  OH  r_adit.nl. 

In  order  to  visualize  the  unsteady  reaction  field,  instantaneous 
images  of  key  chemical  species  will  be  obtained  using  laser-in  be  eg 
fluorescence.  To  date,  we  have  obtained  images  of  the  OH  concent r i i ion 
field.  A  sequence  of  these  images,  at  the  same  points  in  the  excitiMon 
cycle  as  in  Figure  4a,  are  shown  in  Figure  4b.  From  the  evolution  of 
the  species  images,  it  is  clear  that  OH  is  a  good  indicator  of  the  zones 
of  chemical  reaction  in  this  flame. 


FUTURE  WORK 


In  the  third  year  of  this  program,  the  following  tasks  will  be 
performed: 

1)  Continue  development  of  the  particle  tracking  technique  for  making 
velocity  field  measurements.  This  involves  developing  an  improved  seed¬ 
ing  method,  perfecting  the  particle  imaging,  adding  fiducial  marks  to 
the  images  and  developing  a  technique  for  digitizing  images.  In  this 
connection,  we  have  purchased  a  Macintosh-based  optical  scanner  that 
enables  us  to  digitize  images  at  a  maximum  resolution  of  300  dots  per 
inch  with  six  bits  of  gray  scale  data  per  dot.  We  are  now  experimenting 
with  processed  images,  with  the  goal  of  developing  algorithms  for  image 
noise  reduction  and  particle  track  identification. 

2)  Use  the  particle  tracking  technique  to  obtain  planar  velocity  field 
measurements  at  various  phases  of  the  flame  excitation.  The  variable 
pressure  flow  facility  will  be  used  to  carry  out  those  measurements  in 
order  to  allow  seeding  of  both  the  jet  fluid  and  free-stream  fluid. 

3)  Continue  planar  laser-induced  fluorescence  measurements  of  radical 
species  to  obtain  the  unsteady  reaction  field  at  various  phases  of  flame 
excitation.  Additional  data  on  OH  distributions  will  be  obtained,  and 
attempts  will  be  made  to  image  the  CH  radical. 

4)  Overlay  velocity  field  and  reaction  field  data. 

With  the  experimental  data  being  available,  there  is  a  strong  n<'nq 
for  a  parallel  computational  effort  on  the  same  flow  geometry.  Ibis 
effort  will  be  essential  for  a  complete  understand  ing  of  the  fluid 
mechanics  of  this  flame  and  for  the  development  of  useful  models. 
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